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AN ANALYSIS OF OPTIMUM LOADING CONDITIONS FOR P-N JUNCTION SOLAR CELLS
R. C. Durbin
J. A. Counsil
(Unattached)

ABSTRACT
An analysis of the voltage-current characteristics of a p-n junction solar cell
yields an expression for the load resistance at which maximum power transfer
occurs. Variations in the parameters which affect the maximum power transfer
point are discussed. A means of matching the load to the internal solar cell
resistance is explained. Application of the matching system to Electrolysis
Cells is discussed.
INTRODUCTION

I = qg L-I

exp(qV/KT)-l

where

(1)

internal resistance of a p-n junction solar cell

I0=qgL’
q = electronic charge

varies.

gQ= generation rate due to incident photons

Under varying lighting conditions the (apparent)
Connection of a fixed load results in, at

most, a single operating point at which maximum

g = thermal generation rate

efficiency occurs.

K = Boltzmann's constant

The net effect of the mismatch

at all other operating points is a reduction of

T = temperature (°Kelvin)

the efficiency of energy transfer to the load.

V = voltage across the junction

Use of a variable load resistance and appropriate

L and L' have the units of diffusion length.

control circuitry constrains the solar cell to

Neglecting losses and holding temperature constant,

its maximum power point for all useable operating

it is seen that as the light intensity changes,

points.

the qgQL term changes in direct proportion to
light intensity.

ANALYSIS OF VARIATIONS IN THE SOLAR CELL
MAXIMUM POWER POINT

This does nothing more than

offset the exponential curve by the value of
qg^L.

INTENSITY AND TEMPERATURE EFFECTS ON V-I CHARAC

change.

The shape of the curve itself will not
(Fig. 1)

TERISTICS
Somewhere along the characteristic curve, there
In an ideal solar cell, the voltage-current char

will occur an operating point at which maximum

acteristic is described by the following func

power available will be delivered by the solar

tion’*':

cell.
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The characteristic resistance, R

, of the

a change In light Intensity, there is a correspon
ding change in R . Also, for a small change in
mp
&
V > there will be a gross change in R . It is
mp
°
mp
seen from equation 2 that R is a function of
mp
IQ (which is a function of temperature), and a
function of temperature T itself.

(Fig. 3)1

solar cell at the maximum power operating point
is found by taking the derivative of the voltage
with respect to the current at that point.

Of

course, maximum power transfer occurs when the
The development of
load resistance equals R
mp

R follows :
mp
1/R = dl/dV = qIQ/KT

exp(qV/KT)

Therefore, at the maximum power point where

EFFECT OF CHANGE IN INTERNAL RESISTANCE

V =V
mp

The Internal resistance is made up of two compon

R. = R = KT/ql
exp(-qV /KT)
(2)
1
mp
0
mp ^
From the equivalent circuit? (Fig. 2), it is also

ents:

Rs and Rsh.

(Fig. 2).

The shout resist

ance Rsh is usually sufficiently small to be

seen that R = V /I
for the case where
mp
mp mp
V = V and I = I .
mp
mp

neglected which will be done here.

The series

resistance Rs is due mainly to grid structure
effects, and may not be ignored.

Is©

3LRj

An increase in Rs will not affect the open circuit

IDEAL

voltage Voc, but will lower Isc, and the cell operating voltage and current, Vmp and Imp.

Fi$.2

non -ideal

Vac

For example, let's assume that the incident light
energy changes by a factor of ten.
V

In this case,

/I
will change approximately by a factor of
mP mp

ten since I changes by a factor of ten.

Also,

the expression KT/ql exp(-qV /KT) dictates that
r
o
mp
V must change by .06 volts for equation 2 to
mp
equal V /I . Therefore, it is shown that for
mp mp
76

(Fig 4)

3

F ie .6

SUMMARY OF EFFECTS

The above agruments show that with any change in
operating conditions, there are several parameters
which may change the voltage-current character

L

istic of the solar cell, thus changing the
maximum power point resistance R

. A composite

expression for R
is given:
mp
R = R.
R
mp
jmpt s
DEVELOPMENT OF OPTIMAL LOADING SCHEME

YfVe# y

CHARACTERISTICS OF ELECTROLYSIS CELLS
As a first step in developing an optimal loading

The generalized equivalent electrical circuit for

scheme using electrolysis cells as the load, a

electrolysis cell is indicated in Fig. 7a:

discussion of some characteristics of the
electrolysis cell is in order.

4

Figure 6 de

scribes the typical non-linear V-I characteristic
of an electrolysis cell operating in the first
quadrant.

Two points may be defined on the V-I

curve, indicating the minimum and maximum current
levels for a cell operating under normal condi
tions.

The minimum current point is just above

the knee of the curve; operation of the cell at
currents below this coordinate will not result in
generation of electrolysis products.

Fi6-7a.

On the other

hand, exceeding the current defined by the upper
2

limit results in unacceptably large I R losses in

When the electrolysis cell is constrained to

the cell.

operation within a relatively narrow region along

An operating point is chosen, between

the upper and lower limits, which satisfies the

the linear portion of the curve, the model simpli

electrolysis cell efficiency requirements.

fies to Fig. 7b,

current at the operating point is I
Once I

The

.

is chosen, a single unique value for the

cell operating voltage, V

, is also defined.

Similarly, the tangent to the V-I curve at the
operating point describes a value for the apparent
cell resistance, R^ .

Fi6.7b
where VQ. is the cell cutin voltage.
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o

The simplest model occurs when the cell voltage
and current confined to a single operating point
are the model which results from this constraint,
shown by Fig. 7c.

F\6.8 b

When the electrolysis cell is constrained to
operation at a single point, the model describing
the cell as a fixed resistance, R^', is valid

ARRANGEMENT OF SOLAR CELL ARRAY

and will be used from this point on.

Examination of solar data for a geographical area

ARRANGEMENT OF ELECTROLYSIS CELLS

of Interest results In a figure for average daily

It Is assumed that the system designer has an

solar irradiation.

average gas product yield which must be met.

array, the arrangement of which was arbitrary once

Having previously chosen an operating point for

the total number of cells was determined, the

the electrolysis cells, which corresponds to a

configuration of solar cells in the 's' by 't'

certain gas generation rate, the minimum number

array is fixed.

of cells that will meet the required generation

chosen to satisfy the energy requirements of the

rate is determined.

electrolysis cell array at its operating point,

The arbitrary arrangement

Unlike the electrolysis cell

The dimensions 's' and 't' are

of cells into an array of series-parallel con

knowing the electrical generation rate of a single

nected elements determines the electrical char

solar cell for this amount of radiation.

acteristics of the array.

Recall that the maximum power point voltage for a

For example, in a

string of 'm' series connected cells (Fig. 8),
cell current remains I

solar cell is V , and current at the same point
mp
. At all light Intensities, the following

but the array voltage is

is I

now mVeo . Further, if 'n' series-connected
strings are arranged in parallel to form an array

conditions must be met for optimum efficiency in
energy transfer:

of dimension 'm' by 'n', the current requirement
becomes nl^ (Fig. 8b).

tl = nl
i
mp

The product mn is the

sV = mV
i
mp

minimum number of cells which was determined
earlier.

(NOTE:

In mose cases, the 'm' dimen

sion will be equal to one.

When this condition exists, maximum energy trans

The exception is

fer from the solar cells to the electrolysis cells

the case in which 8, parallel-only arrangement

occurs.

results in unacceptably large values of current.)

matching will not occur.
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At any other light intensity proper

EXPANDED ELECTROLYSIS CELL ARRAY

cost-effective.

A means has been shown for insuring that for

the permanent test-cell load resistance, then

average light intensity, maximum energy transfer

for a load corresponding to an array of 'm' by

occurs between an array 's' by 't' of solar cells

'x' electrolysis cells, the value of

and 'm' by 'n' electrolysis cells.

is chosen to represent

is

Efficiency

is desired at all values of light intensity,
however.

If

Similarly, each series string of electrolysis

Under the condition of maximum light

cells has an analog in a fixed resistance desig

intensity for the area of the solar cells, the
amount of current which the cells are capable of

nated

which may be connected to the test

cell.

is described by the equation

delivering, at their maximum power point, far
exceeds the current available at minimum inten
sity.

“v l - i Y*

From equation 1, a value for solar cell

In this manner, the test cell may be loaded by

current at maximum light intensity, and at the

the resistors in exactly the same manner as the

maximum power point, may be determined.

solar cell array is loaded by the electrolysis

The dif

ference between the maximum power point current,

cell array connected to it.

Imp , at maximum light
intensity and Imp at mini°
mum intensity may be divided by 1^. The result

of the analogous relationship is that optimal
matching between the test cell and load resistors

will be a number, 'p', of additional series

coincides with an optimal match between the

A necessary result

strings of 'm' electrolysis cells which satisfy

solar cell array and a unique combination of

the requirements for maximum energy transfer.

electrolysis cells.

Thus an array of 'm' by ('n'+'p') electrolysis

The mechanism for determining the optimal loading

cells will result In optimal matching at maximum
light intensity.

condition requires the measurement of the test

The major cost of optimization

cell output voltage and output current, which

may therefore be measured by the expense of the
additional 'm' by 'p' electrolysis cells.

may be done conveniently.

A

The product of V and I

also easily obtained, is the power delivered to

noteworthy point is that for 'p' large, operation

the load resistors.

is close to optimum at nearly all values of inten

Periodically, a routine is

started which measures the power delivered by the

sity; as 'p' decreases, the number of operating

test cell to the load as the load resistance is

points at which operation is optimal also de
creases .

decreased, in steps, from maximum resistance

For a normal operating temperature range, the

sistance (all load resistors in parallel).

change in V

(permanent load resistance only) to minimum re

for solar cells is neglibible.

At the point at which the test cell output power

Adding more elements in series to achieve voltage

decreases, the maximum power point has been

matching is cost effective only for systems where
'm' is very large.

passed.

SOLAR CELL-ELECTROLYSIS CELL MATCHING

proper load combination is determined for the

The method chosen for determining the proper num

test cell, the one-to-one correspondence be

ber of (series-connected) strings of electrolysis

tween the test cell-resistance combination and

Therefore, the previous load combination

represented the optimal load match.

Once the

cells to be connected to the solar cell array re

the solar cell-eloctrolysis cell arrays indicates

quires the designation of a single solar cell as

how many series-connected electrolysis cell

the test cell.

strings should be parallelled to approach optimal

A permanent load is connected to

the test cell, representing the smallest array

loading and maximum energy transfer.

of electrolysis cells for which optimization is

sary changes in electrolysis cell array size may
be performed automatically.
79

The neces
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